The study of phase dependent amplitude volumes can be an important tool in the interpretation of amplitude anomalies, as hydrocarbons can change the odd component of the seismic response of thin layers. The original spatial distribution and lateral extent of amplitude anomalies may vary after phase decomposition, allowing the interpreter to better assess and prioritize target amplitudes. The thin layer requirement can be achieved by high-cut filtering the data (increasing the tuning thickness) or running the attribute in selected frequency-dependent amplitude volumes from spectral decomposition. The definition of the necessary frequency content for the seismic data can be obtained by building synthetic frequency gathers from well data and applying phase decomposition on these. A Gulf of Mexico case study shows how phase decomposition changes amplitude maps and can be effectively used as a direct hydrocarbon indicator.
Introduction
Phase decomposition is a seismic attribute introduced by Castagna et al., (2016) which allows us to separate the amplitude response of the seismic trace into its corresponding phase components. An analogy can be drawn to spectral decomposition, in which different events have different tuning frequencies; a similar approach can be taken with phase decomposition, where amplitudes are mapped as a function of phase. Phase decomposition can be used as a DHI. As Meza et al. (2016) explain "This is based on the idea that, for thin layers, the "hydrocarbon effect" or change in amplitude caused by the addition of hydrocarbons to a brine-filled thin layer, is -90 degrees phase-rotated with respect to the wavelet". The output of phase decomposition includes amplitudes at specific response phases, called phase components. In the case of low-impedance thin gas or light-oil sands (bright spots) amplitude anomalies corresponding to gas saturations are expected to appear in the -90 degrees component. It is important to remember that the seismic trace is amplitude, phase, and frequency dependent. The thin layer effect is observed when the layer is below tuning, therefore, the frequency content of the seismic data must be monitored for targets with variable thicknesses. Thankfully, seismic layers can be made artificially thin by either low pass filtering the data or using spectral decomposition frequency dependent amplitude volumes as the input for phase decomposition, allowing the interpreter to better establish the amplitude/phase/frequency relationship. Following Meza's approach, the attribute is applied on a 3D seismic dataset from the Gulf of Mexico, where the target plays are mainly bright spots for light oil-prone sands. A zero phased far stack (25° to 35°) is used as the input data. In this case, one pay and one wet well, on the same target sands, with similar thicknesses will be reviewed. This presents a scenario where the reservoir properties are similar, and the main difference being the presence or absence of hydrocarbons.
Synthetic Modeling of Frequency, Phase, and Hydrocarbon Effects
Phase decomposition does not use well information to produce phase components; however, synthetic traces generated from well logs can provide the required knowledge to establish the amplitude/phase/frequency relationships considered desirable. Applying spectral decomposition to a well's synthetic trace produces a frequency gather that decomposes the trace into its frequency dependent behavior. On the other hand, applying phase decomposition to this synthetic gather produces a set of frequency dependent phase component gathers. For simplicity we will show here only the even and odd components. These are a combination of the zero and 180 degree event phases (for even) and -90 and 90 degree phases (for odd). Given that we are studying amplitude anomalies in low impedance hydrocarbon bearing sands we expect the hydrocarbon effect to be manifested in the odd component.
The far-trace synthetic results for the area of interest are shown in Figures 1 and 2 where we observe the frequency gathers for the synthetic seismograms and their even and odd components in two wells. The gathers are generated by applying the Continuous Wavelet Transform (CWT) (e.g., Chakraborty and Okaya, 1995), followed by phase decomposition. The frequency gather is labeled as 'input' in both images, while the even and odd components from phase decomposition are labeled as such ('even' and 'odd'). We can readily observe how amplitudes change with frequency and event phase. Two target sands are labeled (1 and 2). As the water saturation log shows, these are pay sands in Well-1 (black arrows) and wet in Well-2 (purple arrows), and are both low impedance sands. The tops and bases of the sands are highlighted by the dashed lines, and their thicknesses vary from 15 to 20 ft for Sand-1 (from Well-1 to Well-2) and from 80 to 100 ft for Sand-2.
Reviewing these figures, we can conclude that both sands are below tuning at 20 Hz, where we observe the energy moving towards the odd component in both cases, rendering the sands below seismic resolution.
The acoustic reservoir response of the brine saturated sand is an impedance drop for both cases, which is observed in the odd component. The pay well shows a clear amplitude anomaly in the input frequency gather, which, after phase decomposition, becomes evident in the odd component (Figure 1) . The synthetic trace of figure 2 shows relatively bright amplitude responses in the input as well but the energy is split between even and odd components after phase decomposition. Given that the synthetics are built with the same wavelet, the direct amplitude comparison provides a potential signature of a DHI.
Application in the 3D Seismic Far Stack
The original seismic has a dominant frequency between 20 and 30 Hz. As at this frequency content the thick sands are resolved, a high cut bandpass filter (20,40 Hz) is applied seismically thinning these layers, so as to better reveal the phase-related anomalies. Both datasets become the input for phase decomposition, and their even and odd responses are compared. As observed in Figure 4a , Well-1 intercepts 2 clear bright spots that correspond to sands 1 and 2. Well-2 also crosses Sand-2 in weaker but still anomalous amplitude. The phase decomposition results for the full bandwidth seismic are observed in Figures 4b (even) and 4c (odd). Note that the amplitude anomalies move to the even component. This is consistent with what the synthetics show, as we are resolving these target sands, neglecting the thin bed requirement. The phase for isolated reflectors at top and base of Sand 2 thus have the even phase of the wavelet. Figure 4d shows the same input data after a high cut bandpass filter. Note that the seismic section has not changed drastically and that the amplitude anomalies remain. Figures 4e (even) and 4f (odd) show the phase decomposition result in the bandpassed stack. The difference is clear. After effectively seismically 'thinning' these layers, we observe the response predicted from the synthetics. Well-1 crosses 2 clear bright spots in the odd component (which are hydrocarbon bearing) and the original bright spot crossed by Well-2 has its amplitudes divided between even and odd components, rendering it no longer anomalous. Given that we observe similar thicknesses of the target sands from one well to the next, the difference in phase response could potentially be attributed to a hydrocarbon effect. If so, the odd component after bandpass shows additional potential both downdip for Sand 2 as well as at a younger stratigraphic level. Figure-5 shows a similar analysis applied to a horizon slice extraction for Sand-2. The stars represent the location where the wells cross the horizon. The red star is for Well-1 (pay) and the black for Well-2 (wet). Note that the Well-1 is placed at the edge of the West amplitude anomaly, while Well-2 is also at the edge of the East anomaly (Figure 5a ). Note that after phase decomposition (Figures 5b and 5c ), the amplitudes are observed in the even component. Under the current analysis, these could have been considered potentially wet. However, the target sands are not below resolution. For the high cut filtered data we can observe that the amplitude anomaly on Well-2 moves towards the even component (Figure 5e ) and the bright spot that Well-1 crosses moves towards the odd component (Figure 5f ). It is evident that separating the amplitude response in its phase components can introduce a new interpretation point of view. Figure 4f shows that sand-2 continues to have potential for hydrocarbon presence. While the position of Well-2 is structurally favorable, the sand appears to be anomalously bright in the odd component downdip from the well location, suggesting the possible presence of hydrocarbons downdip which would require stratigraphic discontinuity. Note that the seismic thinning via bandpass filter was critical in order to achieve the expected separation of phase dependent amplitude, highlighting the necessity of awareness of target thicknesses. Understanding the relationship between amplitude, phase, and frequency can allow for a more in depth interpretation of seismic data, as both a thin layer detection method and a potential DHI.
Conclusions
Phase decomposition provides a new point of view for interpretation of seismic data, allowing decomposition of amplitude according to phase. Detecting thin layers (n a simpler fashion, when compared to inversion), porosity changes, and presence of hydrocarbons are some of the benefits that can be achieved by studying this attribute.
There is an evident relationship between amplitudes, frequency, and phase that needs to be carefully studied to efficaciously interpret the different phase components. Well information is not utilized in the phase decomposition; however, synthetic models can help the interpreter to better understand the relationship between amplitude and phase as a function of frequency. After establishing the required frequency content necessary to observe the separation of amplitudes between the different phase components, seismic 'thinning' can be achieved by high cut band pass filtering the data. In the case of the studied Gulf of Mexico 3D seismic far stack we observe that the low impedance light oil bearing sands are separated from brine bearing sands (of similar thicknesses) when comparing phase components. This can be a powerful tool in order to de-risk prospects, establish drilling priorities, and unmask anomalies that could be hidden when all phases are stacked together. The stars show the well crossings with respect to the horizon, where red is pay and black is wet. We can observe that the anomaly in Well-1 is maintained in the odd component (de-risking it) and that the amplitudes related to the crossing of Well-2 are divided between even and odd components, no longer anomalous. Map F correlates to the known pay occurrence in both wells.
